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A B S T R A C T
Background: Fruit and vegetable (FV) intake is recommended for the prevention of coronary heart disease
(CHD). FVs are also an important source of exposure to pesticide residues. Whether the relations of FV intake
with CHD differ according to pesticide residue status is unknown.
Objective: To examine the associations of high- and low-pesticide-residue FVs with the risk of CHD.
Methods: We followed 145,789 women and 24,353 men free of cardiovascular disease and cancer (excluding
non-melanoma skin cancer) at baseline and participating in three ongoing prospective cohorts: the Nurses'
Health Study (NHS: 1998–2012), the NHS-II (1999–2013), and the Health Professionals Follow-up Study (HPFS:
1998–2012). FV intake was assessed via food frequency questionnaires. We categorized FVs as having high- or
low-pesticide-residues using a validated method based on pesticide surveillance data from the US Department of
Agriculture. Multivariable Cox proportional hazards models were used to estimate hazard ratios (HRs) and 95%
confidence intervals (95%CI) of CHD in relation to high- and low-pesticide-residue FV intake.
Results: A total of 3707 incident CHD events were identified during 2,241,977 person-years of follow-up. In
multivariable-adjusted models, a greater intake of low-pesticide-residue FVs was associated with a lower risk of
CHD whereas high-pesticide-residue FV intake was unrelated to CHD risk. Specifically, compared with in-
dividuals consuming<1 serving/day of low-pesticide-residue FVs, those consuming ≥4 servings/day had 20%
(95CI: 4%, 33%) lower risk of CHD. The corresponding HR (comparing ≥4 servings/day to<1 serving/day) for
high-pesticide-residue FV intake and CHD was 0.97 (95%CI: 0.72, 1.30).
Conclusions: Our data suggested exposure to pesticide residues through FV intake may modify some cardio-
vascular benefits of FV consumption. Further confirmation of these findings, especially using biomarkers for
assessment of pesticide exposure, is needed.
1. Introduction
Cardiovascular disease (CVD) is the most common cause of death in
the United States, accounting for 800,000 deaths every year (Benjamin
et al., 2017). The Dietary Guidelines for Americans and the American
Heart Association encourage consuming at least 5 servings of fruits and
vegetables (FVs) daily to reduce the risk of heart disease (Eckel et al.,
2014; Millen et al., 2016). However, FVs can also act as carriers of
pesticide residues. In 2016, 85% of FVs in U.S. markets had detectable
pesticide residues, and nearly half of FVs had detectable levels of three
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or more pesticides (USDA, 2016). Although the detectable residues in
most FVs (> 99%) in the US market (USDA, 2016) did not exceed
tolerance levels, it remains important to study potential health effect of
these pesticide residues since chronic low-level exposure to mixtures of
pesticide is common (CDC, 2016).
In in vivo and ex vivo experiments, some pesticides have been
shown to affect the cardiovascular system (Georgiadis et al., 2018b).
Several pesticides such as organophosphate (through inhibition of
acetyl-cholinesterase), organochlorine pesticides (through alteration of
ligand-gated ion channel activity), pyrethroids (through modification of
voltage-gated sodium channels), and atrazine (through inhibition of
cardiac heme oxygenase-1 activity) have been found to induce cellular
oxidative stress and increase apoptosis (Georgiadis et al., 2018a;
Kalender et al., 2004; Keshk et al., 2014; Razavi et al., 2015; Vadhana
et al., 2013; Zafiropoulos et al., 2014; Zaki, 2012), the risk factors in-
volved in the onset and progression of cardiovascular events
(Forstermann et al., 2017; Kadioglu et al., 2016). In animal studies,
chronic dietary exposure to pesticide mixtures at nontoxic doses in-
creases oxidative stress, adiposity, and dysglycemia (Lukowicz et al.,
2018; Uchendu et al., 2018). In humans, despite the known acute car-
diotoxicity of organophosphate poisoning, the cardiovascular effects of
chronic low-level exposure to pesticide residues are understudied (Bar-
Meir et al., 2007; Saadeh et al., 1997).
We previously developed and validated a questionnaire-based
method for assessment of pesticide residues in FVs: the Pesticide
Residue Burden Score (PRBS) (Chiu et al., 2018b; Hu et al., 2016).
Here, we used the PRBS to evaluate the association of FV intake con-
sidering their pesticide residue status with risk of coronary heart dis-
ease (CHD) in three large prospective cohorts of men and women.
2. Methods
2.1. Study population
This study included participants from three prospective cohorts: the
Nurses' Health Study (NHS; N=121,700 female registered nurses, aged
30 to 55 in 1976), the NHS-II (N=116,671 female registered nurses,
aged 25 to 42 in 1989) and the Health Professionals Follow-up Study
(HPFS; N=51,529 male dentists, pharmacists, veterinarians, optome-
trists, osteopathic physicians, and podiatrists, aged 40 to 75 years in
1986) (Bao et al., 2016). In all cohorts, self-administered questionnaires
are distributed every 2 years to collect information about medical his-
tory, lifestyle and health conditions. Response rates are ~90% in each
cycle. For the present analysis, we followed participants from 1998 (for
NHS/HPFS) or 1999 (for NHS-II), to allow matching of dietary assess-
ments with data from the US Department of Agriculture (USDA) Pes-
ticide Data Program (PDP) (USDA, 2016), until the end of the 2012–14
follow-up period in NHS/HPFS and the 2013–15 follow-up period in
NHS-II. We excluded participants with a history of CVD or cancer (ex-
cluding non-melanoma skin cancer) in 1998/1999, those who had died
prior to 1998/1999, those who skipped over half of the questions re-
garding fruit and vegetable intake, and those with missing or invalid
caloric intake (< 800 kcal or> 4200 kcal/day in men;< 500 or>
3500 kcal/day in women). The final analysis included 145,789 women
and 24,353 men. The study was approved by the institutional review
boards of Brigham and Women's Hospital and the Harvard T.H. Chan
School of Public Health.
2.2. Diet and pesticide residue assessment
We assessed diet every 4 years using a validated 131-item food
frequency questionnaire (FFQ) (Rimm et al., 1992; Salvini et al., 1989;
Yuan et al., 2018; Yuan et al., 2017). The PDP annually collected and
tested around 10,000 samples of major agriculture commodities for>
400 different pesticide residues, and the testing results for each sample
are available on their website (USDA, 2016). We classified FVs as
having high- or low-pesticide-residues according to the PRBS, a vali-
dated scoring system for assessment of pesticide residues in FVs using
surveillance data from the PDP (Chiu et al., 2018b; Hu et al., 2016). We
used PDP data starting in 1996, when the program expanded in re-
sponse to a report from the National Academy of Sciences (Council,
1993) and the Food Quality Protection Act of 1996 (Congress, 1996).
We averaged PDP data over 4-year periods corresponding to diet as-
sessment periods. Specifically, PDP data from 1996 to 1999 was linked
to diet assessments in 1998 (NHS/HPFS) and 1999 (NHS-II); PDP data
from 2000 to 2003 was linked to diet assessments in 2002 and 2003,
and so forth.
The PRBS uses three measures in the PDP to classify FVs: 1) the
percentage of sampled produce with detectable pesticide residues, 2)
the percentage of sampled produce with pesticide residues above tol-
erance levels, and 3) the percentage of sampled produce with three or
more different types of pesticides. We ranked FVs according to each
measure and assigned a score of 0 for FVs in the lowest tertile, 1 for FVs
in the middle, and 2 for FVs in the upper tertile for each measure. When
an FFQ item combined fresh, frozen, or canned into a single question
for which PDP reported fresh and frozen/canned data separately, we
used the average of pesticide residue for each produce. The PRBS was
defined as the sum of scores across three measures on a scale of 0 to 6,
where high-pesticide-residue FVs had a PRBS ≥4 and low-pesticide-
residue FVs had a PRBS< 4. FVs without PDP data were classified as
undetermined pesticide residue status. We then summed intakes of
high-, low- and undetermined pesticide-residue FVs, separately, for
each participant.
2.3. Covariates
We obtained information on participant's anthropometrics, lifestyle,
and medical history, including weight, smoking status, physical ac-
tivity, use of aspirin, multivitamin, menopausal status, postmenopausal
hormone-replace therapy, and oral contraceptives, at questionnaire and
updated it every two years. We also collected information on self-re-
ported diagnosis of hypertension, hypercholesterolemia, and diabetes
in follow-up questionnaires. Alcohol was assessed and updated every
4 years using an FFQ. We calculated the Alternate Healthy Eating Index-
2010 on the basis of 9 food components (except FVs and alcohol be-
cause alcohol intake was modeled separately) (Chiuve et al., 2012).
Description of the reproducibility and validity of physical activity and
alcohol use are described elsewhere (Chasan-Taber et al., 1996;
Giovannucci et al., 1991).
2.4. Outcome assessment
CHD was defined as fatal or nonfatal myocardial infarction, cor-
onary revascularization, and fatal CHD events. When participants re-
ported a physician diagnosed heart disease in a follow-up ques-
tionnaire, we obtained permission of access to medical records. Study
investigators blinded to participant risk factor status reviewed medical
records; when medical records were not available, we performed tele-
phone interviews instead. Non-fatal myocardial infarction was con-
firmed using World Health Organization criteria on the basis of symp-
toms plus elevated specific cardiac enzymes or electrocardiogram
changes indicative of new ischemia (Mendis et al., 2011). We identified
deaths by reports from next of kin, the U.S. postal system, or death
certificates obtained from state vital statistics departments and the
National Death Index. These methods identified>98% of deaths. We
confirmed fatal CHD by hospital records, autopsy reports, or coronary
artery disease listed as underlying cause of death on the death certifi-
cate and if evidence of the previous CHD documented in medical re-
cords.
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2.5. Statistical analysis
Participants were followed from the return of the baseline ques-
tionnaire until the date of an incident event, death, or end of follow-up,
whichever occurred first. Intakes of high- and low-pesticide-residue FVs
were cumulatively averaged over follow-up years to better characterize
long-term exposure. We created quintiles of intake within each cohort.
We also categorized intake according to increments in absolute intake
(< 1, 1–1.9, 2–2.9, 3–3.9, ≥4 servings per day). We estimated hazard
ratios (HRs) and 95% confidence intervals (CIs) for the association
between high- and low-pesticide-residue FV intake and subsequent risk
of CHD using Cox proportional hazards regression models with age as
the time scale. We adjusted for baseline covariates, including race/
ethnicity, family history of myocardial infarction (< 65 years in women
and<60 years in men), family history of diabetes, self-reported hy-
pertension, hypercholesterolemia, and diabetes at baseline, as well as
time-varying covariates, including body mass index (BMI) (< 23, 23 to
24.9, 25 to 29.9, 30 to 34.9, ≥35 kg/m2), physical activity (< 3, 3
to< 9, 9 to<18, 18 to<27, ≥27 METs/week), smoking status
(never, past, current), current multivitamin use (yes/no), current as-
pirin use (yes/no), intakes of alcohol (0, 0.1 to 4.9, 5 to 14.9, ≥15 g/
day), total energy intake (kcal/day, quintiles), intake of FVs with un-
determined residue status (quintiles), and Alternate Healthy Eating
Index (quintiles). In women (NHS, NHS-II), we additionally adjusted for
menopausal status and postmenopausal hormone use (premenopausal,
postmenopausal never users, postmenopausal past users, post-
menopausal current users). In the NHS-II study, we further adjusted for
oral contraceptive use (never, past, current users). Because intake of
high-pesticide-residue FVs and low-pesticide-residue FVs may confound
each other, we also adjusted for low-pesticide-residue FV intake in the
model of high-pesticide-residue FV intake and vice versa. To test for
linear trend, we modeled quintile exposure as a continuous variable by
assigning a median value to each quintile with the use of the Wald test.
To test for nonlinearity, we fit a restricted cubic spline to the multi-
variable Cox proportional hazards models. Analyses were performed
separately for each cohort and were pooled with the use of fixed-effect
meta-analyses with inverse-variance weighting.
We evaluated effect modification by age (<median, ≥median),
BMI (< 30, ≥30 kg/m2), smoking (never, ever), physical activity
(<median, ≥median), alcohol intake (<median, ≥median), and fa-
mily history of myocardial infarction (yes, no) adding cross-product
terms between high and low pesticide residue FV intake and the effect
modifier to the main effects model. Analyses were performed with SAS
software, version 9.4 (SAS Institute), at a two-tailed alpha level of 0.05.
3. Results
A list of high- and low-pesticide FVs is shown in the Table 1. We
identified a total of 3707 incident CHD cases over 2,241,977 person-
years of follow up. Intakes of high- and low-pesticide-residue FVs were
positively correlated with each other (rSpearman=0.63, 0.70, and 0.62
in NHS, NHS-II, and HPFS, respectively). Participants consuming more
high-pesticide-residue FVs were more active, less likely to smoke, more
likely to take multivitamin supplements, and had higher intakes of total
FVs, fiber, antioxidant nutrients and flavonoids than participants con-
suming fewer high-pesticide-residue FVs (Table 2 and Supplemental
Table S1). A similar pattern was observed for participants across
quintiles of low-pesticide-residue FV intake except that women with
greater low-pesticide-residue FV intake also had higher alcohol intake
(Table 2 and Supplemental Table S2). Other characteristics were similar
across quintiles of high- or low-pesticide-residue FV intake (Table 2).
In age-adjusted models, intakes of both high- and low-pesticide-re-
sidue FVs were inversely associated with risk of CHD (Table 3). How-
ever, after adjusting for potential confounders, the associations of high-
and low-pesticide-residue FV intake with CHD diverged (Table 3).
Specifically, high-pesticide-residue FV intake was unrelated to risk of
CHD. The pooled HRs (95% CI) for participants in increasing quintiles
of high-pesticide-residue FV intake were 1 (reference), 0.99 (0.89,
1.10), 1.03 (0.92, 1.15), 1.01 (0.89, 1.14) and 1.06 (0.92, 1.21) (P,
trend=0.45). In contrast, greater consumption of low-pesticide-re-
sidue FV intake was associated with a lower risk of CHD. The pooled
HRs (95% CI) for participants in increasing quintiles of low-pesticide-
residue FV intake were 1 (reference), 0.92 (0.83, 1.02), 0.85 (0.76,
0.95), 0.81 (0.72, 0.92), and 0.82 (0.71, 0.94) (P, trend= 0.001). Si-
milarly, when FV intake was modeled as a continuous variable in a
spline model, intake of high-pesticide-residue FV was unrelated to CHD
incidence (Fig. 1A), while intake of low-pesticide-residue FV intake was
inversely related to CHD with the strongest association observed at ~4
servings/day and little evidence of further benefit with higher intake (P,
non-linearity= 0.0004) (Fig. 1B). The same divergent pattern was
observed when FV intake was modeled in categories based on absolute
intakes (Supplemental Fig. S1). In this model, intake of 4 servings/day
or more of low-pesticide-residue FVs was associated with 20% lower
risk of CHD (HR: 0.80, 95%CI: 0.67, 0.96; compared to< 1 serving/
day) whereas the same intake of high-pesticide-residue FV intake was
unrelated to CHD risk (HR: 0.97; 95%CI: 0.72, 1.30; compared to<1
serving/day).
The associations of high- and low-pesticide-residue FV intake with
CHD remained similar when potatoes, fruit juice, and processed fruits
(e.g., apple sauce) were not counted as FVs (Supplemental Table S3),
Table 1
Fruit and vegetable items in the food frequency questionnaire and Pesticide
Data Program and corresponding PRBS at mid follow-up (2004-2007).
Definition of measure contamination PRBS Residue status
Items in FFQ Items in PDP
Peas or lima beans, FFC Sweet pea, frozen 0 Low
Grapefruit Grapefruit 0 Low
Dried plums or prunes Dried plum 0 Low
Orange juice Orange juice 0 Low
Apple juice or cider Apple juice 1 Low
Cauliflower Cauliflower 1 Low
Tofu Soybeans 1 Low
Yam or sweet potatoes Sweet potatoes 1 Low
Tomatoes Tomatoes 1 Low
Cantaloupe Cantaloupe 2 Low
Carrot, raw or cooked Carrot 2 Low
Winter squash Winter squash 2 Low
Broccoli Broccoli 3 Low
Oranges Oranges 3 Low
Blueberry Blueberry 3 Low
Eggplant, summer squash,
zucchini
Eggplant, summer squash
(0.5: 0.5)a
3 Low
Celery Celery 4 High
Kale, mustard, chard Kale 4 High
Fresh apple or pear Apple, pear (0.74: 0.26)⁎,a 4 High
Grape or raisin Grape, raisin (0.62: 0.38)⁎ 4 High
Green/yellow/red
peppers
Sweet peppers 4 High
Apple sauce Apple sauce 4 High
String bean Green bean 5 High
Head lettuce, leaf lettuce Lettuce 6 High
Peach or plum Peach, plum (0.70: 0.30)a 6 High
Spinach, raw Spinach, fresh 6 High
Strawberries, FFC Strawberries, fresh or
frozen
6 High
Abbreviations: FFC, fresh, frozen, or canned; FFQ, food frequency ques-
tionnaire; PDP, Pesticide Data Program; PRBS, Pesticide Residue Burden Score.
Foods with undetermined pesticide contamination status in this period: corn,
cooked spinach, cabbage, tomato pastes, brussel sprouts, mixed vegetables, and
other juice.
The ranges of PRBS are 0 to 3 for low-pesticide-residue fruits and vegetables,
and 4–6 for high-pesticide residue fruits and vegetables.
⁎ The ranges of PRBS are 0-3 for low-pesticide-residue fruits and vegetables,
and 4 -6 for high-pesticide residue fruits and vegetables.
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Table 2
Baseline characteristics of participants according to quintiles of high- and low-pesticide-residue fruit and vegetable intake.
Quintile of high-pesticide-residue fruit and vegetable intake Quintile of low-pesticide-residue fruit and vegetable intake
Characteristics Quintile 1 Quintile 3 Quintile 5 Quintile 1 Quintile 3 Quintile 5
Nurses' Health Study (1998)
Number of participants 13,305 13,199 13,115 13,150 13,153 13,127
High-pesticide-residue FVs (servings/d) 0.5(0.2) 1.3(0.1) 3.1(1.1) 0.9(0.7) 1.5(0.8) 2.3(1.2)
Low-pesticide-residue FVs (servings/d) 1.4(0.9) 2.2(1.0) 3.1(1.4) 0.8(0.3) 2.0(0.2) 4.1(1.1)
Total FVs (servings/d) 2.5(1.2) 4.5(1.3) 7.6(2.3) 2.4(1.1) 4.5(1.1) 7.7(2.2)
Age (y) 63.5(7.3) 63.6(7.0) 63.5(6.8) 63.7(7.3) 63.4(7.0) 63.4(6.8)
BMI (kg/m2) 26.8(5.5) 26.7(5.2) 26.2(5.1) 26.8(5.4) 26.6(5.2) 26.3(5.2)
White (%) 97.3 97.7 97.4 97.1 97.7 97.3
Physical activity (MET/wk) 18.0(78.5) 22.5(75.2) 28.7(69.6) 19.2(78.7) 22.0(71.7) 27.2(69.0)
Family history of diabetes (%) 28.0 27.7 28.7 28.8 29.0 27.6
Family history of MI (%) 20.0 19.9 20.9 20.3 20.1 20.4
Current smoker (%) 17.9 9.6 5.5 15.7 9.3 7.7
Premenopausal (%) 6.1 6.8 6.1 6.3 6.5 6.1
Current menopausal users (%) 43.8 47.6 48.5 45.2 48.3 48.0
Baseline hypertension (%) 42.3 41.8 40.0 40.7 41.6 42.7
Baseline hypercholesterolemia (%) 55.8 55.8 54.0 56.1 56.1 54.8
Baseline diabetes (%) 6.6 6.7 6.7 7.7 6.8 5.6
Multivitamin supplement use (%) 63.0 68.5 71.9 63.8 67.4 70.7
Current aspirin use (%) 50.2 54.0 52.7 48.8 52.9 54.4
Total energy intake (kcal/day) 1467(481) 1718(495) 2010(537) 1410(457) 1711(466) 2090(533)
Alcohol intake (g/d) 4.9(9.9) 5.2(9.2) 4.8(8.2) 4.4(9.2) 5.2(9.3) 5.4(9.0)
Modified AHEI (score)a 37.9(8.4) 39.2(8.5) 40.9(8.7) 41.4(8.7) 38.8(8.5) 37.8(8.0)
Nurses' Health Study II (1999)
Number of participants 16,186 16,251 16,011 16,021 16,045 16,039
High-pesticide-residue FVs (servings/d) 0.4(0.1) 1.2(0.1) 2.9(1.2) 0.7(0.6) 1.3(0.8) 2.2(1.3)
Low-pesticide-residue FVs (servings/d) 1.2(0.8) 1.9(0.9) 3.0(1.5) 0.7(0.2) 1.8(0.1) 3.9(1.2)
Total FVs (servings/d) 2.0(1.0) 3.7(1.2) 7.0(2.4) 1.9(1.0) 3.8(1.1) 7.0(2.4)
Age (y) 43.6(4.7) 44.0(4.6) 44.4(4.6) 43.9(4.7) 44.0(4.7) 44.2(4.6)
BMI (kg/m2) 27.1(6.6) 26.3(6.1) 25.9(5.8) 26.9(6.5) 26.3(6.1) 26.0(5.9)
White (%) 95.8 96.8 96.5 95.5 97.0 96.1
Physical activity (MET/wk) 14.0(19.4) 20.1(26.4) 28.5(31.6) 15.7(21.8) 20.0(24.5) 26.5(32.1)
Family history of diabetes (%) 25.4 24.4 24.5 25.1 24.4 24.0
Family history of MI (%) 21.0 20.0 20.4 20.7 20.4 20.1
Current smoker (%) 13.4 8.5 5.7 12.2 8.4 6.5
Premenopausal (%) 77.9 78.1 76.9 76.9 77.9 77.6
Current menopausal hormone users (%) 10.5 10.6 11.1 11.3 11.1 10.6
Oral contraceptive use
Never user (%) 11.9 13.2 14.8 12.9 13.0 14.7
Current user (%) 8.9 9.2 8.3 8.8 8.9 8.3
Past user (%) 79.2 77.6 77.0 78.3 78.1 77.0
Baseline hypertension (%) 14.0 13.2 13.1 13.8 12.4 13.9
Baseline hypercholesterolemia (%) 26.7 24.6 23.6 26.4 24.2 23.6
Baseline diabetes (%) 2.0 2.2 2.4 2.4 2.1 2.0
Multivitamin supplement use (%) 50.4 57.5 63.5 50.8 57.9 63.5
Current aspirin use (%) 17.1 16.9 17.6 16.9 16.6 17.6
Total energy intake (kcal/day) 1547(513) 1813 (522) 2128(556) 1470(477) 1807(492) 2217(544)
Alcohol intake (g/d) 3.5(7.8) 4.1(7.3) 4.2(6.9) 3.3(7.3) 4.0(7.1) 4.3(7.2)
Modified AHEI (score)a 36.9(8.9) 38.4(9.4) 40.8(9.8) 39.9(9.2) 38.5(9.6) 37.5(9.3)
Health Professionals Follow-up Study (1998)
Number of participants 4864 5035 4923 4876 4865 4869
High-pesticide-residue FVs (servings/d) 0.5(0.2) 1.4(0.1) 3.3(1.3) 1.0(0.8) 1.5(0.9) 2.4(1.4)
Low-pesticide-residue FVs (servings/d) 1.6(1.0) 2.4(1.1) 3.4(1.6) 0.9(0.3) 2.2(0.2) 4.5(1.3)
Total FVs (servings/d) 2.7(1.2) 4.7(1.4) 8.1(2.5) 2.6(1.2) 4.7(1.2) 8.2(2.5)
Age (y) 61.6(8.6) 62.8(8.7) 64.2(8.7) 62.1(8.6) 62.9(8.7) 63.1(8.7)
BMI (kg/m2) 26.3(3.6) 26.2(3.6) 25.7(3.5) 26.2(3.5) 26.0(3.5) 25.9(3.6)
White (%) 95.1 95.8 96.1 95.5 96.0 95.4
Physical activity (MET/wk) 26.2(33.1) 35.0(39.1) 47.3(46.6) 28.6(35.3) 35.2(38.1) 44.8(45.5)
Family history of diabetes (%) 21.7 22.7 21.8 21.7 22.4 22.0
Family history of MI (%) 14.8 15.5 14.8 13.7 15.4 14.4
Current smoker (%) 8.2 4.3 2.3 7.4 4.4 3.0
Baseline hypertension (%) 34.4 33.4 30.9 32.5 32.8 33.0
Baseline hypercholesterolemia (%) 46.5 44.8 42.8 44.6 45.1 42.6
Baseline diabetes (%) 5.1 4.8 6.0 6.1 5.5 5.2
Multivitamin supplement use (%) 55.4 59.4 62.6 55.6 59.6 62.9
Current aspirin use (%) 62.8 62.6 62.1 61.9 64.2 62.6
Total energy intake (kcal/day) 1746(558) 1993(582) 2309(642) 1679(528) 1987(548) 2395(636)
Alcohol intake (g/d) 12.0(16.4) 11.3(14.2) 9.9(12.5) 11.1(15.4) 11.4(14.1) 10.6(13.0)
Modified AHEI (score)a 32.0(8.2) 34.4(7.9) 38.0(8.4) 35.0(8.7) 34.4(8.3) 35.3(8.0)
Values are means (SD) or percentages. All variables except age are age-standardized.
Abbreviations: Modified AHEI, Modified Alternate Healthy Eating Index score; BMI, body mass index; METs: metabolic equivalent tasks; FV: fruits and vegetables;
MI: myocardial infarction.
METs are defined as the ratio of caloric needed per kilogram of body weight per hour of physical activity divided by the caloric needed per kilogram of body weight at rest.
a Modified AHEI: AHEI-2010, excluding criteria for intakes of fruits and vegetables and alcohol.
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when additionally adjusted for folate, carotenoids, and flavonoids
(Supplemental Table S4), when we stopped updating diet once cancer,
diabetes or angina developed, or when we used the most recent diet as
exposure (Supplemental Table S5). Nonetheless, there was no associa-
tion between baseline FV intake, regardless of pesticide residue status,
and CHD incidence (Supplemental Table S5). Results were also con-
sistent with the primary analysis when removing potential mediators
(BMI or baseline history of hypertension, diabetes or hypercholester-
olemia), and when for adjusting incident hypertension, diabetes or
hypercholesterolemia (Supplemental Table S6). Finally, there was no
evidence of effect modification by age, BMI, physical activity, smoking
status, alcohol drinking or family history of myocardial infarction (All
P > 0.10).
4. Discussion
In this prospective study of 170,142 US adults followed for up to
14 years, we found that greater consumption of low-pesticide-residue
FVs was associated with a lower risk of CHD, with 20% lower risk for 4
or more servings/day of intake compared to those consuming<1 ser-
ving/day. In contrast, high-pesticide-residue FV intake was not asso-
ciated with risk of CHD. These results remained robust to adjustment of
multiple confounders, different approaches of exposure modeling, and
exclusion of potatoes and fruit juice from the analysis. Overall, these
data suggest that the inverse association between FV intakes with CHD
may differ according to the burden of pesticide residues.
Our results of low-pesticide-residue FV intake are consistent with
the literature on total FV intake and CVD risk. In the present study, the
HR (95%CI) of CHD comparing extreme quintiles of low-pesticide-re-
sidue FV was 0.82 (0.71, 0.94), which is similar to that of our previous
report on total FV intake combining data from NHS and HPFS (0.83
[0.76, 0.91]) (Bhupathiraju et al., 2013). A recent meta-analysis of
prospective studies also showed that a 200mg/day (~2.5 servings/day)
increase in total FV intake was associated with 8% (95%CI: 6%, 10%,
I2= 0%, n=15 studies) lower risks of CHD.
Increased rates of CVD or CVD mortality among farmers and
Table 3
Hazard ratios (95% CI) of coronary heart disease according to quintiles of high- and low-pesticide-residue fruit and vegetable intake.
Quintiles of high-pesticide-residue fruit and vegetable intake P, trend
Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
NHS Median (servings/d) 0.49 0.90 1.28 1.71 2.53
Person-years 163,052 168,372 168,367 170,853 171,688
Cases 455 377 364 328 329
Age-adjusted 1 (Ref.) 0.81 (0.70, 0.93) 0.78 (0.68, 0.89) 0.71 (0.62, 0.82) 0.73 (0.64, 0.85) <0.0001
Multivariable-adjusteda,b 1 (Ref.) 0.93 (0.81, 1.08) 0.99 (0.85, 1.16) 0.95 (0.80, 1.12) 1.03 (0.85, 1.24) 0.70
NHS II Median (servings/d) 0.36 0.75 1.11 1.56 2.40
Person-years 222,919 219,637 221,323 221,398 221,412
Cases 122 96 101 86 82
Age-adjusted 1 (Ref.) 0.77 (0.59, 1.01) 0.79 (0.61, 1.03) 0.67 (0.51, 0.88) 0.63 (0.48, 0.83) 0.0007
Multivariable-adjusteda,b 1 (Ref.) 0.92 (0.68, 1.23) 1.08 (0.78, 1.49) 1.01 (0.71, 1.45) 1.03 (0.69, 1.55) 0.77
HPFS Median (servings/d) 0.50 0.92 1.30 1.78 2.71
Person-years 57,663 58,371 58,830 58,689 59,403
Cases 298 292 270 255 252
Age-adjusted 1 (Ref.) 0.92 (0.78, 1.08) 0.81 (0.69, 0.96) 0.75 (0.63, 0.89) 0.70 (0.59, 0.83) <0.0001
Multivariable-adjusteda,b 1 (Ref.) 1.11 (0.94, 1.32) 1.08 (0.89, 1.30) 1.10 (0.90, 1.34) 1.10 (0.88, 1.38) 0.54
Pooled Multivariable-adjusteda,b,d 1 (Ref.) 0.99 (0.89, 1.10) 1.03 (0.92, 1.15) 1.01 (0.89, 1.14) 1.06 (0.92, 1.21) 0.45
Quintiles of low-pesticide-residue fruit and vegetable intake P, trend
Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
NHS Median (servings/d) 0.99 1.69 2.22 2.83 3.84
Person-years 163,820 168,196 169,571 170,034 170,710
Cases 444 398 350 317 344
Age-adjusted 1 (Ref.) 0.87 (0.76, 0.99) 0.75 (0.65, 0.86) 0.66 (0.57, 0.77) 0.74 (0.64, 0.85) <0.0001
Multivariable-adjusteda,c 1 (Ref.) 0.97 (0.84, 1.12) 0.87 (0.74, 1.03) 0.82 (0.69, 0.98) 0.92 (0.76, 1.12) 0.23
NHS II Median (servings/d) 0.72 1.39 1.95 2.59 3.71
Person-years 221,140 221,415 221,391 221,364 221,379
Cases 116 105 89 88 89
Age-adjusted 1 (Ref.) 0.90 (0.69, 1.17) 0.73(0.55, 0.96) 0.69 (0.52, 0.91) 0.70 (0.53, 0.92) 0.001
Multivariable-adjusteda,c 1 (Ref.) 0.96 (0.72, 1.28) 0.82 (0.59, 1.14) 0.82 (0.57, 1.18) 0.81 (0.54, 1.21) 0.22
HPFS Median (servings/d) 1.11 1.85 2.44 3.13 4.31
Person-years 57,457 58,735 58,766 59,004 58,995
Cases 329 274 267 264 233
Age-adjusted 1 (Ref.) 0.78 (0.66, 0.91) 0.73 (0.62, 0.85) 0.69 (0.59, 0.81) 0.58 (0.49, 0.69) <0.0001
Multivariable-adjusteda,c 1 (Ref.) 0.84 (0.71, 1.00) 0.83 (0.69, 1.00) 0.79 (0.65, 0.97) 0.69 (0.55, 0.87) 0.003
Pooled Multivariable-adjusteda,c,d 1 (Ref.) 0.92 (0.83, 1.02) 0.85 (0.76, 0.95) 0.81 (0.72, 0.92) 0.82 (0.71, 0.94) 0.001
Abbreviations: NHS, Nurses' Health Study; NHS II, Nurses' Health Study II; HPFS, Health Professionals Follow-up Study.
a Adjusted for age (years), ethnicity (white/non-white), body mass index (BMI) (< 23, 23 to 24.9, 25 to 29.9, 30 to 34.9, ≥35 kg/m2), physical activity (< 3, 3
to< 9, 9 to<18, 18 to< 27, ≥27 metabolic equivalents/week), smoking status (never, past, current), family history of diabetes (yes/no), family history of
myocardial infarction (yes/no), history of hypertension (yes/no), history of diabetes (yes/no), history of hypercholesterolemia (yes/no), postmenopausal hormone
use (premenopausal/never/past/current, in NHS and NHS II), oral contraceptive use (never/past/current user, in NHS II), current vitamin use (yes/no), current
aspirin use (yes/no), alcohol (0, 0.1 to 4.9, 5 to 14.9, ≥15 g/day), total energy intake (quintiles) and Alternate Healthy Eating Index score excluding criteria for
intake of fruits and vegetables and alcohol (quintiles).
b Additionally adjusted for intakes of low-pesticide-residue fruits and vegetables (quintile) and other fruits and vegetables with undetermined residues (quintile).
c Additionally adjusted for intakes of high-pesticide-residue fruits and vegetables (quintile) and other fruits and vegetables with undetermined residues (quintile).
d Results were combined with the use of the fixed-effect model.
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pesticide applicators have been found in some studies (Dayton et al.,
2010; Fleming et al., 2003; Lee et al., 2002), although findings have not
been consistent across studies (Blair et al., 1993; Blair et al., 2005; Mills
et al., 2009). However, for most individuals, chronic low-level exposure
to pesticide residues through diet and other sources is more relevant in
terms of exposure burden but remains vastly understudied (Tsatsakis
et al., 2017). A recent study in mice evaluated the metabolic effects of
chronic ingestion of chow mixed with six common pesticides (boscalid,
captan, chlorpyrifos, thiofanate, thiacloprid, and ziram) at tolerable
intake levels over 1 year (Lukowicz et al., 2018). Consuming pesticide-
contaminated chow caused metabolic disruption including increased
body weight, greater adiposity, and glucose intolerance in male mice as
well as fasting hyperglycemia and greater oxidative stress in female
mice (Lukowicz et al., 2018). In a separate study in Wistar rats, low-
level co-exposure to chlorpyrifos and deltamethrin for 120 days in-
creased oxidative stress, triglyceride, and low-density lipoprotein-cho-
lesterol, and decreased high-density lipoprotein-cholesterol levels
compared to a single exposure to either pesticide (Uchendu et al.,
2018). We are unaware of comparable data in humans or of studies
trying to disentangle the potential risks of exposure to pesticide re-
sidues from the benefits of FV consumption on cardiovascular or me-
tabolic disease risk. However, we have previously reported diverging
patterns of association of high- and low-pesticide-residue FV intake
with some reproductive outcomes (Chiu et al., 2015; Chiu et al., 2016;
Chiu et al., 2018a). Other studies also showed that organic culture
produce was found to have higher antioxidant capacities and flavonoid
contents than those from conventional culture (Dani et al., 2007; Jin
et al., 2011; Wang et al., 2008). Overall, these data suggest that pes-
ticide residues in food may modify the associations between FVs and
certain health outcomes. Given the paucity of data on this topic and
exploratory nature of our study using questionnaires for the assessment
of dietary pesticide exposure, further evaluation in independent studies,
especially using biomonitoring data (Katsikantami et al., 2019,), is es-
sential.
Study limitations must be considered when interpreting our find-
ings. First, the PRBS is estimated based on national pesticide surveil-
lance data and individual diet intake data instead of individual levels of
biomarkers of pesticide exposure. In addition, we did not have data on
organic food consumption or data separating fresh versus frozen or
canned consumption, (Whitacre, 2009) thus increasing the likelihood of
exposure misclassification. While the PRBS has been validated against
urinary pesticide metabolites, suggesting that this method adequately
characterizes habitual pesticide exposure through FVs (Chiu et al.,
2018b; Hu et al., 2016), future studies should collect information on
organic food consumption given a growing trend in organic sales in
recent years (USDA, 2017) and examine alternate methods that couple
FFQ-PDP to estimate long-term dietary residue intake for a specific class
or a mixture of pesticides (Curl et al., 2015; Katsikantami et al., 2019).
Second, given that contamination with specific pesticides changes over
time, we allowed pesticide contamination status to change over time by
matching updated PDP data to updated diet assessments. This method
did not allow us to classify all FVs in each period, but we were able to
statistically adjust for intake of unclassified FVs in all analyses. Third,
despite adjustment for a large number of potential confounders, there
may be still residual and unmeasured confounding factors. However,
participants with greater consumption of high- and low-pesticide-re-
sidue FVs had similar patterns of baseline characteristics and dietary
behaviors including total FV intake. In addition, results remained un-
changed with the additional adjustment of the nutrients that were as-
sociated with CHD in earlier studies (Aung and Htay, 2018; Kim and Je,
2017; Osganian et al., 2003), suggesting that the divergent associations
are more likely due to differences in pesticide residues, although other
differences cannot be ruled out. Finally, participants were mostly white
health professionals, which may limit the generalizability of our find-
ings. However, the homogeneity of the population minimizes con-
founding and enhances internal validity. Strengths of our study include
its large sample size, extensive follow-up, repeated measurement of diet
and lifestyle factors with validated tools, and detailed covariate in-
formation.
In conclusion, intake of low-pesticide-residue FVs was associated
with a lower risk of CHD whereas high-pesticide-residue FV intake was
not associated with CHD risk, suggesting that pesticide residues may
modify some cardiovascular benefits of FV consumption. These find-
ings, combined with results from other studies which showed that re-
placing conventional diet with an organic diet reduces exposure to
organophosphate or pyrethroid pesticides (Bradman et al., 2015; Curl
Fig. 1. Fruit and vegetable intake, considering pesticide residue status, and risk of coronary heart disease.
Adjusted for age (years), ethnicity (white/non-white), body mass index (< 23, 23 to 24.9, 25 to 29.9, 30 to 34.9, ≥35 kg/m2), physical activity (< 3, 3 to< 9, 9
to< 18, 18 to<27, ≥27 metabolic equivalents/week), smoking status (never, past, current), family history of diabetes (yes/no), family history of myocardial
infarction (yes/no), history of hypertension (yes/no), history of diabetes (yes/no), history of hypercholesterolemia (yes/no), postmenopausal hormone use (pre-
menopausal/never/past/current, in NHS and NHS II), oral contraceptive use (never/past/current user, in NHS II), current vitamin use (yes/no), current aspirin use
(yes/no), alcohol (0, 0.1 to 4.9, 5 to 14.9, ≥15 g/day), total energy intake (quintiles), and Alternate Healthy Eating Index score excluding criteria for intake of fruits
and vegetables and alcohol (quintiles).
A). Additionally adjusted for intakes of low-pesticide-residue fruits and vegetables (quintile) and other fruits and vegetables with undetermined residues (quintile).
B). Additionally adjusted for intakes of high-pesticide-residue fruits and vegetables (quintile) and other fruits and vegetables with undetermined residues (quintile).
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et al., 2019; Hyland et al., 2019; Lu et al., 2008; Lu et al., 2006; Oates
et al., 2014), suggested that consuming organically grown FVs for the
high-pesticide-residue counterparts may be beneficial. Nevertheless,
given the scarcity of data on this topic, our findings should not be in-
terpreted as contradicting current advice to consume at least 5 servings
of FVs per day. Instead, they suggest that additional research on the
health effects of long-term low-level exposure to pesticides through diet
is needed.
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